INTRODUCTION
The P-type superfamily of ATPases comprises a family containing more than 50 different transmembrane proteins which transport inorganic cations or other substrates, such as phospholipids, across membranes within the cell [1] [2] [3] [4] [5] . P-type ATPases are found within both prokaryotes and eukaryotes and have been classified into five subfamilies based on their substrate specificity. P 1 ATPases include the IA bacterial ion pumps which transport ions such as K + , and the IB pumps, found in bacteria, plants, and animals, which transport transition metals such as Cu 2+ , Cd 2+ , and Zn 2+ . The P 2 family is the most diverse of the five families and includes Ca 2+ , Na + /K + , H + /K + ATPases found in bacteria, animals and some fungi. P 3 ATPases include H + and Mg 2+ ATPases in bacteria, plants and lower eukaryotes. P 4 ATPases are found exclusively in eukaryotes and transport aminophospholipids across membranes. P 5 ATPases are also found only in eukaryotes and their substrate specificity and biological role are not clearly determined [2, 3] . The P 5 family of ATPases is expressed only in eukaryotes and was first identified in yeasts. Two P 5 ATPases have been identified in yeasts, Cod1p/Spf1p and Yor291wp. Cod1p is localized to the endoplasmic reticulum and has been shown to play a role in calcium homeostasis although it does not exhibit kinetics typical of Ca 2+ pumps [6, 7] . Interestingly, our previous study illustrated that ATP13A4, localized to the endoplasmic reticulum, may also play a role in regulating intracellular calcium levels in mammalian cell culture [8] . It has been suggested that P 5 ATPases may also transport nonmetallic substrates or couple with other proteins which transport Ca 2+ or regulate Ca 2+ levels. While the substrate specificity of these ATPases is still being investigated, they have been reported to play important roles in many cellular processes, including glycosylation [9] , protein secretion and trafficking [10, 11] , and the unfolded protein response [9, 10, 12, 13] . Two subfamilies of P 5 ATPases (P 5A and P 5B ) are found in eukaryotes [2] . The negatively charged amino acids (D or E) in the 5A ion-binding site are replaced with hydrophobic amino acids (A or V) in the 5B ion-binding site, likely indicating different ion specificities for P 5A and P 5B ATPases [14] . In humans, five P 5 ATPases have been identified. The P 5A subfamily contains ATP13A1, and the P 5B subfamily contains ATP13A2, ATP13A3, ATP13A4, and ATP13A5 [15] . Homologues of these five proteins exist in the mouse [16] . Based on phylogenetic analysis, it has been hypothesized that ATP13A1 is derived from the yeast orthologue Cod1p and the P 5B ATPases (ATP13A2-A5) are derived from the yeast orthologue Yor291wp, with ATP13A4 and ATP13A5 having the greatest degree of homology and therefore likely the closest evolutionary relationship [15, 16] . The mRNA tissue distribution of P 5 ATPases in the mouse illustrates that ATP13A1-A3 are expressed at significant levels in a variety of organs, including the brain, colon, kidney, liver, intestine, stomach and skeletal muscle; however, ATP13A4 and ATP13A5 are primarily expressed in the brain and stomach [16] . It was also observed that alternative splicing results in the expression of two ATP13A3 mRNA transcript variants which produce different isoforms of the ATP13A3 protein. Transcript variant 1 contains one additional exon (exon 30) at the 5' end of the transcript compared with transcript variant 2 and produces a protein with an additional 30 amino acids at the C-terminal end. These two mRNA variants are differentially expressed in different body tissues, with transcript variant 1 preferentially expressed in the brain, heart, and lung, and transcript variant 2 preferentially expressed in the kidney, small intestine, and testis [16] . Recent studies have shown that mutations within two P 5B ATPase genes, ATP13A2 and ATP13A4, contribute to the development of early-onset Parkinson's disease (PD) and autism, respectively [15, [17] [18] [19] . Moreover, Ramirez et al. identified homozygous missense and nonsense mutations in ATP13A2 (PARK9) as the cause of Kufor-Rakeb disease, a recessive, juvenile onset atypical Parkinsonism accompanied by dementia, and reported elevated levels of ATP13A2 mRNA in PD patients [17] . Sequence variations in ATP13A2 have been linked to early onset PD in populations in Taiwan and Singapore [19] and homozygous missense mutations in this gene have been shown to contribute to the development of PD [18] . No correlation has been found between ATP13A2 and late onset Parkinson's disease [20] . We have previously identified an inherited chromosomal inversion which disrupted the ATP13A4 gene in a patient with expressive and receptive language delay [15] . We also found a sequence variant within ATP13A4, which resulted in the substitution of aspartic acid for a glutamic acid (E646D) in individuals with autism spectrum disorders (ASD) [15] . These recent discoveries suggest an important role for the P 5 ATPases in the nervous system. Defects in these genes may have differing effects on the development of the nervous system depending on the spatial and temporal expression characteristics of the genes involved. In this study, we examined whether gene expression of P 5 ATPases is developmentally regulated. We assessed the expression of mRNAs in the mouse at days 7, 11, 15, and 17 of embryogenesis using quantitative real-time PCR. In order to elucidate possible functional roles of P 5 ATPases in the nervous system, we also assessed the mRNA expression levels in selected regions of the adult mouse brain, including cerebral cortex, frontal cortex, hippocampus, brainstem and cerebellum. Moreover, we also confirmed the expression of the ATP13A4 protein in these brain regions with immunohistochemistry. Our study shows that the expression of the P 5 ATPase genes appears to be developmentally regulated and they may play an important role in early development. We also illustrate that the expression of these ATPases varies throughout the mature nervous system and each member of this subfamily shows a unique distribution throughout the major regions of the adult brain.
MATERIALS AND METHODS
cDNA synthesis by MMuLV reverse transcriptase Total RNA from mouse embryos at 7, 11, 15, and 17 days of gestation (E7, E11, E15, E17), adult mouse brain, and specific regions of adult mouse brain (cerebellum, cerebral cortex, frontal cortex, hippocampus, and brainstem) derived from BALB/c mice was obtained from Clontech Laboratories. The RNA was pooled from 200-800 male and/or female mice at appropriate ages. To prepare cDNA from each of these samples, 2 µg of an RNA sample was incubated with 50 units of MMuLV reverse transcriptase (Stratagene) in 1x MMuLV reverse transcriptase reaction buffer (Stratagene) containing 0.01 M DTT (dithiothreitol), 0.4 mM dNTPs, and 0.5 µg Oligo(dT) [12] [13] [14] [15] [16] [17] [18] (New England Biolabs) and DEPC treated (0.1%) distilled water to a final reaction volume of 50 µl. The reaction was incubated at 37°C for 1 hour and the resulting cDNAs were used for quantitative real-time PCR analysis or stored at +4°C.
Quantitative real time PCR
The expression of the various P 5 -type ATPases in each of the RNA samples was determined using the 7500 Fast Real Time PCR system (Applied Biosystems) with SYBR Advantage qPCR Premix (Clontech Laboratories). The Applied Biosystems 7500 Fast version 1.3.1 software was used to calculate the threshold cycle (C t ) and determine the relative quantity of the different samples. Analysis was performed using the ∆∆ C t method, where relative quantity (RQ) = 2 -∆∆Ct and ∆∆Ct = ∆C t , sample -∆C t , reference. ∆C t , sample is the difference in threshold cycle between any developmental stage or brain region and the endogenous reference gene hypoxanthine phosphoribosyl transferase (HPRT) [21] and ∆C t , reference is the difference in threshold cycle between the reference sample/calibrator (adult brain or cerebral cortex for the developmental expression or adult brain expression profiles, respectively) and the endogenous control (HPRT). Santos and Duarte found HPRT to be the most reliable reference gene for real-time PCR [21] . HPRT expression reflects the average expression of multiple common reference genes, making it the best choice when using only a single normalization gene [22] . HPRT has also been shown to be expressed at constant levels compared to other reference genes [21, [23] [24] [25] . To determine the stability of HPRT in all developmental stages used, its expression was validated against additional commonly used reference genes, including B2m (beta-2-microglobulin), Gapdh (glyceraldehyde 3-phosphate dehydrogenase), Gusb (beta-glucuronidase), Tfrc (transferrin receptor), and Pgk1 (phosphoglycerate kinase 1) [21, 26] . The Ct value of the six genes was analyzed for validation of expression value (M) across development using the geNorm program [27] . HPRT, B2m and Gusb ranked as the most stable genes. When compared to the B2m and Gusb expression, HPRT showed stable expression across development. To determine the relative proportions of the two transcript variants of ATP13A3, the ratio of the relative quantity of ATP13A3 transcript variant 1 to the relative quantity of total ATP13A3 was determined (RQ ATP13A3 variant 1 / RQ ATP13A3 total ). Primers were designed using the Primer Express 3.0 for Real Time PCR software (Applied Biosystems), at the exon-exon junctions within the target genes. The sequences of the primers used and the resulting amplicon lengths are listed in Tab. 1. One set of primers was designed for each of ATP13A1, ATP13A2, ATP13A4, ATP13A5, and the endogenous reference HPRT. Two sets of primers were designed for ATP13A3: one set to amplify both transcript variants 1 and 2 (ATP13A3-F and -R) while the other set was specific for transcript variant 1 (ATP13A3-variant1-F and -R), which does not contain exon 30. 2 µg of total RNA was converted to cDNA as described above. The cDNA was incubated with 1×SYBR Advantage qPCR Premix, 1× ROX LMP passive reference dye (Clontech laboratories), and 1 µM of each primer in 20 µl reaction. The amplification proceeded with an initial denaturation at 95°C for 20s, followed by 40 cycles of denaturation at 95°C for 3s and annealing/elongation at 60°C for 30s. All runs were performed in triplicate and the relative quantity of each gene was determined in three independent experiments. The same source of RNA was used for each independent experiment for the expression in the embryonic stages and the adult brain. 
Immunohistochemistry
The experiments were performed on C57Bl6/J adult (8 weeks) mice. All animal procedures were performed strictly in accordance with the York University Animal Care Committee guidelines. Mice were anesthetized and perfused transcardially, first with phosphate buffered saline (PBS) and then with 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). The brains were removed, post-fixed in fresh PFA for 3 days at 4°C, and cryoprotected in 30% sucrose. The brains were then embedded in paraffin and cut into 4 μm thick sections (Toronto Centre for Phenogenomics). Affinity purified rabbit anti-mouse ATP13A4 antibody was developed by Affinity Bioreagents for the epitope INRAIRKPDLKVR, which is conserved among species and located between the first two transmembrane domains (amino acids 117-130) [8] . Anti-ATP13A4 was diluted to 4 μg/ml in PBS containing 0.3% Triton-X (PBS-T) and 2% normal goat serum (NGS), and was applied to deparaffinized brain section for 24 hours at 4°C. A control experiment was conducted, omitting the primary antibodies. The antibody specificity and cross-reactivity were tested by pre-incubation of the primary antibody with the immunizing peptide (100 μg/ml) for 16 hr at 4°C. After the primary antibody treatment, sections were rinsed in PBS-T, then incubated with biotinylated rabbit anti-sheep secondary antibody (Vector Laboratories) containing 2% NGS for 1 hour followed by an avidin-biotinylated horseradish peroxidase complex (ABC Elite, Vector Laboratories). The immunoreactivity was assessed using 3,3'-diaminobenzidine (DAB) plus nickel ammonium sulfite as a chromogen. After staining, tissue sections were preserved in Permount mounting medium (Fisher Scientific) and images were captured and analyzed using a Nikon Eclipse 80i light microscope.
Statistical analysis
Student's two-tailed, unpaired T tests were performed on all relative quantity data to determine the statistical significance of the differences between the means. Values were deemed statistically significant at p ≤ 0.05. All values are presented as the mean relative quantity ± SEM.
RESULTS

Developmental expression of P5-type ATPases
Quantitative real time PCR was performed to determine the expression profile of the P 5 ATPases in the mouse embryo to evaluate the importance of these proteins in development. The mRNA expression was assessed in various mouse developmental stages (embryonic days 7, 11, 15 and 17) and the entire adult brain. The expression of the P 5 ATPases in the various tissues was normalized to the expression of the HPRT gene. Our results show that ATP13A1 and ATP13A2 have a very similar expression patterns throughout the stages of development ( Fig. 1A and 1B) . Both genes showed a significant increase of expression as development progressed, with the highest expression at the peak of neurogenesis (E15) (p < 0.001), which normally occurs from days 12-17 of mouse embryonic development [28] . After E15, the level of gene expression decreased rapidly, with E17 containing levels of mRNA lower than that observed at any other stage of development ( Fig. 1A and 1B) . The relative quantities of ATP13A1 transcripts at E7, E11, E15, and E17 were 1.9 ± 0.5, 5.7 ± 0.7, 17.8 ± 1.5, and 0.7 ± 0.2 respectively (Fig. 1A) . Similarly, the relative quantities of ATP13A2 transcripts were 1.9 ± 0.2, 5.0 ± 1.4, 19.6 ± 3.1, and 0.7 ± 0.3 at E7, E11, E15, and E17 respectively (Fig. 1B) . These results indicate that both ATP13A1 and ATP13A2 may play a role during early neuronal development. Relative quantity (RQ) was calculated in embryonic day 7, 11, 15, 17 mouse tissues (E7, E11, E15, and E17 respectively) using the ΔΔC t method with the adult brain taken as the calibrator (reference sample) and normalized to HPRT. The RQ values for E7, E11, E15, E17 were: A -1.9 ± 0.5, 5.7 ± 0.7, 17.8 ± 1.5, and 0.7 ± 0.2 for ATP13A1, B -1.9 ± 0.2, 5.0 ± 1.4, 19.6 ± 3.1, and 0.7 ± 0.3 for ATP13A2, C -0.055 ± 0.002, 0.131 ± 0.004, 0.26 ± 0.08, and 0.085 ± 0.006 for ATP13A5. *p < 0.05 *** p < 0.001. Values are plotted as the mean of three independent experiments ± SEM and each sample was run in triplicate.
The relative quantity of ATP13A5, unlike the previous two genes, was significantly lower in the early embryonic stages but high in the adult mouse brain (p < 0.001). E7, E11, E15 and E17 showed relative quantity levels of 0.055 ± 0.002, 0.131 ± 0.004, 0.26 ± 0.08, and 0.085 ± 0.006 (Fig. 1C) . During embryonic development, the expression of ATP13A5 showed a slight increase, peaking in E15 and returning to low levels by E17. The developmental expression profile of this gene suggests that ATP13A5 may play a more prominent role in adult brain function. We previously determined that ATP13A4 was expressed at low levels in E7 and E11 and increased between E11 and E15, with E17 having the highest expression of the gene, indicating that ATP13A4 likely plays a role during later stages of neurogenesis [8] . The expression of ATP13A3 was studied on three levels: i) the total expression of ATP13A3 transcripts (variant 1 and 2), ii) the expression of transcript variant 1 of ATP13A3, and iii) the ratio of expression of transcript variant 1 to the total expression of ATP13A3. Total ATP13A3 expression decreased during embryonic development, with the highest relative quantity value observed in E7 (p < 0.001) and E11 (p < 0.001) (Fig. 2A) . The relative quantity values were 5.9 ± 0.2, 4.3 ± 0.1, 1.04 ± 0.07, and 0.9 ± 0.3 for E7, E11, E15 and E17, respectively. Our results also show that the expression of ATP13A3 transcript variant 1 was most highly expressed in 11 day embryos (p < 0.01), and expression during other developmental stages was not significantly different from the adult brain (Fig. 2B) .
Relative quantity values were 1.9 ± 0.4, 2.6 ± 0.4, 1.0 ± 0.2, and 1.3 ± 0.1 for E7, 11, 15, and 17, respectively. The higher expression during early developmental stages likely indicates that ATP13A3 plays a more important role during early organogenesis. Finally, the ratio of variant 1 expression to total ATP13A3 expression was observed to increase during development, with lower expression in E7 and E11 (p < 0.001) (Fig. 2C ). This trend indicates that a larger proportion of ATP13A3 is expressed as variant 1 as development progresses. Relative quantity values were 0.28 ± 0.09, 0.51 ± 0.09, 0.8 ± 0.2, and 1.1 ± 0.2 for E7, E11, E15, and E17, respectively. These findings demonstrate that ATP13A3 may play a role in mouse development and the different transcriptional variants of this gene are differentially expressed throughout development.
Spatial expression of P 5 ATPases in the adult mouse brain
The ATP13A1-5 mRNA expression was also assessed within the selected regions of the adult brain (cerebral cortex, frontal cortex, hippocampus, brainstem, and cerebellum) using quantitative real time PCR. The expression of the P 5 ATPases in each brain region was normalized to the expression of the HPRT gene and was compared to the expression within the cerebral cortex. Our data show that ATP13A1 was differentially expressed throughout the adult mouse brain, with the highest expression in the cerebellum (p < 0.001) and the lowest expression in the hippocampus (p < 0.01) (Fig. 3A) . Interestingly, the expression in the frontal cortex was 1.6-fold greater than that in the total cerebral cortex (p < 0.001). The relative quantity values were 1.56 ± 0.09, 0.78 ± 0.05, 1.14 ± 0.08, and 2.8 ± 0.2 for the frontal cortex, hippocampus, brainstem and cerebellum, respectively. ATP13A2 was expressed most highly in the frontal cortex, followed by the brainstem and cerebellum. Expression in these three brain regions was Fig. 3 . ATP13A1, ATP13A2, ATP13A4, and ATP13A5 expression throughout the adult mouse brain. mRNA expression was determined using quantitative real time PCR in the adult mouse brain cerebral cortex (CX), frontal cortex (FC), hippocampus (HIP), brainstem (BS) and cerebellum (CB). Relative quantity was calculated using the ΔΔC t method with the cerebral cortex taken as the calibrator and normalized to HPRT. The RQ values in the frontal cortex, hippocampus, brainstem and cerebellum relative to the cerebral cortex (RQ=1) were: A -1.56 ± 0.09, 0.78 ± 0.05, 1.14 ± 0.08, and 2.8 ± 0.2 for ATP13A1, B -2.1 ± 0.3, 0.34 ± 0.08, 1.9 ± 0.1, and 1.46 ± 0.01 for ATP13A2, C -1.55 ± 0.05, 2.17 ± 0.05, 3.0 ± 0.2, and 3.5 ± 0.3 for ATP13A4, and D -1.82 ± 0.04, 2.1 ± 0.1, 2.1 ± 0.2, and 2.15 ± 0.08 for ATP13A5. **p < 0.01 *** p < 0.001. Values are plotted as the mean of three independent experiments ± SEM and each sample was run in triplicate.
statistically higher than that in the cerebral cortex (p < 0.01). As with ATP13A1, expression of ATP13A2 was lowest in the hippocampus. The relative quantity values of the ATP13A2 transcript compared to the cerebral cortex were 2.1 ± 0.3, 0.34 ± 0.08, 1.9 ± 0.1, and 1.46 ± 0.01 for the frontal cortex, hippocampus, brainstem, and cerebellum respectively (Fig. 3B) . ATP13A4 expression was varied throughout all regions of the adult mouse brain, with the cerebellum having the highest relative expression (p < 0.001), followed by the brainstem (p < 0.001) and hippocampus (p < 0.001) (Fig. 3C) . The ATP13A4 mRNA transcript was also differentially expressed within the cerebral cortex, with the frontal cortex having a 1.5-fold higher expression compared to the total cerebral cortex (p < 0.001). Relative quantity levels compared to the cerebral cortex were 1.55 ± 0.05, 2.17 ± 0.05, 3.0 ± 0.2, and 3.5 ± 0.3 in the frontal cortex, hippocampus, brainstem and cerebellum, respectively. Finally, the expression of ATP13A5 was fairly constant throughout most of the brain regions. The relative quantity values for the frontal cortex, hippocampus, brainstem and cerebellum were 1.82 ± 0.04, 2.1 ± 0.1, 2.1 ± 0.2, and 2.15 ± 0.08 respectively, relative to the cerebral cortex (Fig. 3D ). These four regions showed significantly higher ATP13A5 expression than the cerebral cortex (p < 0.01). These results demonstrate ubiquitous expression of the ATP13A5 protein within many regions of the adult brain. The expression of ATP13A3 was assayed throughout the adult brain as the total ATP13A3 expression, the expression of only transcript variant 1 of this gene, and the ratio of the expression of variant 1 to the total ATP13A3 expression. As seen in Fig. 4A , total ATP13A3 was expressed to the greatest extent in the hippocampus (p < 0.001) followed by the cerebellum (p < 0.001). Expression in the frontal cortex was 1.8-fold higher than that in the entire cerebral cortex (p < 0.001). The expression pattern of ATP13A3 variant 1 was very similar to that of the total ATP13A3. Relative quantity values in the cerebral cortex, frontal cortex, hippocampus, brainstem and cerebellum were 1.0, 1.80 ± 0.06, 2.5 ± 0.2, 1.14 ± 0.08, and 2.3 ± 0.1, respectively for total ATP13A3, and 1.0, 1.79 ± 0.06, 1.99 ± 0.09, 1.1 ± 0.1, and 1.84 ± 0.07 respectively for variant 1 (Fig. 4B) . The ratio of transcript variant 1 to total ATP13A3 was fairly constant throughout the various brain regions, with no significant difference between the ratio values of the cerebral cortex, frontal cortex and brainstem (Fig. 4C) . The ratios calculated for the hippocampus and cerebellum were only 20% lower than the ratio for the cerebral cortex, although this difference was statistically significant (p < 0.01 for the hippocampus and p < 0.001 for the cerebellum). The similarity in expression between total ATP13A3 and transcript variant 1 expression suggests that isoform 1 of the ATP13A3 protein may be more prevalent within the adult brain than isoform 2. The values for the ratios were 1.00 ± 0.07, 0.82 ± 0.06, 0.95 ± 0.07, and 0.82 ± 0.02 for the frontal cortex, hippocampus, brainstem, and cerebellum, respectively. Fig. 4 . ATP13A3 expression throughout the adult mouse brain. mRNA quantification was determined in the adult mouse brain cerebral cortex (CX), frontal cortex (FC), hippocampus (HIP), brainstem (BS) and cerebellum (CB). The cerebral cortex was taken as the calibrator and data were normalized to HPRT. A -Total ATP13A3 expression determined using primers that amplify both isoforms. RQ values for the frontal cortex, hippocampus, brainstem and cerebellum relative to the cerebral cortex (RQ = 1) were 1.0, 1.80 ± 0.06, 2.5 ± 0.2, 1.14 ± 0.08, and 2.3 ± 0.1 respectively. B -Expression of ATP13A3 isoform 1 determined using primers specific for only isoform 1 of ATP13A3. RQ for the frontal cortex, hippocampus, brainstem and cerebellum were 1.79 ± 0.06, 1.99 ± 0.09, 1.1 ± 0.1, and 1.84 ± 0.07 respectively, relative to the RQ of the cerebral cortex. C -Ratio of the RQ of ATP13A3 isoform 1 to the RQ of total ATP13A3. Ratios were 1.00 ± 0.07, 0.82 ± 0.06, 0.95 ± 0.07, and 0.82 ± 0.02 for the frontal cortex, hippocampus, brainstem and cerebellum, respectively. * p < 0.05 *** p < 0.001. Values are plotted as the mean of three independent experiments ± SEM and each sample was run in triplicate.
Immunohistochemical analysis of the ATP13A4 expression in the mouse brain Antibodies for most P 5 ATPases are not commercially available, making the assessment of the encoded proteins difficult. We developed an antibody against mouse ATP13A4 (see methods) and determined the expression of this protein in the adult brain using immunohistochemistry. Our results show that ATP13A4 is widely expressed in various cells of the mouse brain (Fig. 5) . Its expression appears more abundant in cells of the cerebellum, brain stem, hippocampus (particularly dentate gyrus), and frontal and motor cortex (Fig. 5A-H ). This coincides with the observed mRNA expression. Controls are shown in Fig. 5I and J. We also observed that the endogenous protein was localized to the perinuclear region in brain cells (Fig. 5B, C and F) , which agrees with our previous study where ATP13A4 was overexpressed in transiently transfected COS-7 cells [8] . , and frontal and motor cortex (G-H). Perinuclear localization of ATP13A4 is shown by arrows in the cells of the cerebellum (B-C) and hippocampus (E-F). Controls from the hippocampal region include staining without the primary antibody (I), and after pre-incubation of anti-ATP13A4 with the immunizing peptide (100 ug/ml) (J). Scale bar is 500 μm (A, D), 10 μm (B-C, E-I), and 100 μm (I, J). Abbreviations: CX -cerebral cortex, CB -cerebellum, CC -corpus callosum BS -brain stem, HIP -hippocampus, CA1 and CA3 region of the hippocampus, DG -dentate gyrus, MBmidbrain, FC -frontal cortex, MC -motor cortex, Pn -pons, TH -thalamus, 4V -4 th ventricle.
DISCUSSION
In this study we characterize the expression of the P 5 ATPases (ATP13A1 through ATP13A5) during mouse development. We show that ATP13A1 and ATP13A2 transcript expression was the highest at the peak of neurogenesis (E15), ATP13A3 was expressed highly during organogenesis (E7-E11), and ATP13A5 was expressed most highly in the adult mouse brain. We previously showed that ATP13A4 was also highly expressed at E17 during late neurogenesis [8] . The results described here provide new insights into the important role of the P 5 ATPases in embryonic development and in the nervous system. Both ATP13A1 and ATP13A2 show very similar patterns of developmental expression in the mouse, with gene expression increasing until E15 and then decreasing rapidly by E17 to approximately the expression level within the adult brain. This strongly suggests that these two genes play important roles in mouse development. Moreover, since gene expression of ATP13A1 and ATP13A2 peaks at E15, which is in the middle of the period of neurogenesis in mice (E12 to E17) [29] , it suggests that these two genes may potentially be involved specifically in the development of regions of the mouse brain. The development of the cerebral cortex, pyramidal cells and CA2 region of the hippocampus, regions of the thalamus, basal forebrain, or striatum of the brain normally peaks around day 15 of embryogenesis [29, 30] . In addition to the similarity between the developmental expression profile, ATP13A1 and ATP13A2 showed a similar expression profile throughout the adult mouse brain. Both showed the lowest expression within the hippocampus, high expression within the cerebellum, and greater expression within the frontal cortex compared to that of the total cortex. It is interesting to note that the expression levels of ATP13A1 and ATP13A2 were high at E15, the stage at which the hippocampus develops, and relatively low in the adult hippocampus. Thus, it is feasible that these two genes may play different roles at various developmental stages. The similarities observed in the developmental expression of ATP13A1 and ATP13A2 were unexpected due to the distant relationship predicted between these genes. ATP13A1 is a P 5A ATPase while ATP13A2 is a P 5B ATPase, and due to differences in the amino acid sequences of the ion binding sites of these two subclasses, they likely have different substrate specificities and different function [2, 14] . ATP13A2/PARK9 has been recently implicated in the neurodegenerative disorders of Kufor-Rakeb disease and Parkinson's disease [17] [18] [19] . Ramirez et al. have shown that ATP13A2 expression was greatest in the ventral midbrain (containing the substantia nigra) [17] . In mice, dopaminergic neurons of the substantia nigra develop prior to E15, with midbrain dopaminergic neurons generated at E11-E13 and migrating to their final positions by around E16 [31] [32] [33] . In this study we have shown that the expression of ATP13A2 increases between E11 and E15, indicating a possibility that this protein may be involved in the development of the substantia nigra and its defect may contribute to the development of PD.
ATP13A3 mRNA is expressed as two transcript variants which differ by the inclusion of a single exon at the 5' end of the transcript [16] . In the current study, ATP13A3 expression was assayed during development and in the adult mouse brain as total ATP13A3, ATP13A3 transcript variant 1, and the ratio of transcript variant 1 to total ATP13A3 expression. During development, total ATP13A3 expression was greatest at E7 and decreased as development progressed, dropping to low levels at E15, E17, and in the adult mouse brain. The high levels of this transcript during early stages of mouse development, prior to the window of neurogenesis, suggests that ATP13A3 may be involved in early organogenesis, such as the development of the digestive system, respiratory system, circulatory system, urinary system and immune system, all of which occur primarily between E7 and E11 [28] . This agrees with the previously demonstrated expression of ATP13A3 throughout various tissues of the adult mouse, which showed very low ATP13A3 expression in the brain and the highest levels of ATP13A3 expression in the kidney, liver, stomach and colon [16] . During development, transcript variant 1 of ATP13A3 showed a similar pattern of expression as total ATP13A3, with transcript levels highest during E7 and E11. However, the ratio of transcript variant 1 expression to total ATP13A3 expression increased during development, suggesting that as development progressed from organogenesis to neurogenesis, a larger proportion of the ATP13A3 present was transcript variant 1rather than variant 2. The expression profile of variant 1 to total ATP13A3 was also assessed in the adult mouse brain. Both transcripts showed an identical pattern of expression, with significantly high expression in all brain regions tested and a higher expression within the frontal cortex compared to the total cerebral cortex. Furthermore, the ratio of transcript variant 1 to total ATP13A3 expression in the brain does not differ significantly between the cerebral cortex, frontal cortex, and brainstem, and this ratio is only slightly lower in the hippocampus and cerebellum. The consistently higher ratio of transcript variant 1 to variant 2 throughout development implies that variant 1 may play a more predominant role. In accordance with the present results, the tissue specificity of the two isoforms was also demonstrated by Schultheis et al., who showed that isoform 1 is predominant in the brain, heart and lung, while isoform 2 is predominant in other tissues including the kidney, small intestine and testis [16] . ATP13A4 has been implicated in language delay and ASD in our previous studies [8, 15] . We determined that ATP13A4 expression increases in the course of development, with very low levels of expression at E7 and E11 and a marked increase in expression between E11 and E15 [8] . ATP13A4 expression peaks at E17 and remains quite high in the adult brain, suggesting that it may play an important role during neurogenesis and in the mature nervous system in mice. In the current study, we have shown that ATP13A4 mRNA expression varied throughout the adult mouse brain and was most highly expressed in cerebellum and brainstem followed by hippocampus and frontal cortex. We also confirmed that the ATP13A4 protein was localized to cells of the cerebellum, brain stem, hippocampus (particularly dentate gyrus and CA1), frontal and motor cortex, and substantia nigra. The cerebral cortex showed the lowest expression of ATP13A4 and, as with all of the other P 5 ATPase genes studied, the expression in the frontal cortex was higher than that of the total cerebral cortex. Interestingly, individuals with autism display enlargement or hyperplasia of the cerebral cortex which is greatest in the anterior regions of the cortex (frontal and temporal), and cortical volume increases more slowly from 2 to 9 years of age compared with control individuals [34, 35] . Both hyper-and hypoplasia of the cerebellum and hypoplasia of the brainstem have also been observed in individuals with autism [36, 37] . However, further in vivo studies are required to determine whether ATP13A4 is involved in the development of these brain structures and whether its defects contribute to the pathology of disorders such as autism. ATP13A5 expression during mouse development showed a distinct trend. This gene was the only one of the four studied which had a higher expression in the adult than at every developmental stage, with relatively low levels in the developing embryo. This would suggest that ATP13A5 may play a more important role in adult brain function than in its early development. Within the adult brain, ATP13A5 expression was relatively constant in the frontal cortex, cerebellum, brainstem and hippocampus, and was lowest in the cerebral cortex. This constant level of expression may suggest that ATP13A5 serves an important role in many regions of the adult brain. It has been shown previously that ATP13A5 is expressed only within the brain and stomach in the adult mouse, compared to ATP13A1, ATP13A2 and ATP13A3, which are expressed in multiple tissues in the mouse, which supports this idea of an important role of ATP13A5 within the brain [16] . Though ATP13A4 and ATP13A5 are most closely related phylogenetically [2, [14] [15] [16] , they show very different spatial expression profiles within the adult brain. ATP13A4 expression levels vary widely in the different brain regions tested but ATP13A5 expression levels are for the most part constant. It is possible that ATP13A4 and ATP13A5 perform similar functions due to sequence homologies in the core domains and probable substrate binding sites of the ATPase, although they localized in different brain regions.
Taken together, these results show that P 5 ATPases are expressed at different levels during various developmental stages in the mouse and within tested regions of the adult mouse brain. ATP13A1, ATP13A2 and ATP13A4 were expressed to the highest degree during neurogenesis, ATP13A3 on the whole was expressed primarily before the onset of neurogenesis, and ATP13A5 was expressed to the largest extent in the adult mouse brain. This localization may be representative of their biological function within the nervous system. Due to the observed early or late expression pattern of P 5 ATPases in development, mutations within these genes or defective expression may lead to various pathologies. Although further studies need to determine the cellular and molecular function of P 5 ATPases in the nervous system, this study adds further evidence for the potential important role of P 5 ATPases during mouse development.
